We combine the eyebrow-raising quantum phenomena of erasure and counterfactuality for the first time, proposing a simple yet unusual quantum eraser: A distant Bob can decide to erase which-path information from Alice's photon, dramatically restoring interference-without previously-shared entanglement, and without Alice's photon ever leaving her lab.
interference, allowing the object's presence to sometimes be inferred without interacting with any particle. The quantum Zeno effect on the other hand refers to the fact that repeated measurement of an evolving quantum object inhibits its evolution, an effect that brings to mind the proverbial watched kettle that does not boil. The quantum Zeno effect is used here to push the efficiency of interaction-free measurement towards unity.
The counterfactuality of the CQZE is based on the fact that any photon going into the channel is necessarily lost, which means that photons detected by Alice at D 1 or D 2 could not have travelled to Bob. From FIG. 3 , counterfactuality is ensured for the case of Bob blocking the channel: had the photon gone into the channel, detector D B would have clicked. For the case of Bob not blocking the channel, had the photon gone into the channel, detector D 3 would have clicked. Counterfactuality for the case of Bob not blocking the channel, which was disputed [19] [20] [21] , has recently been proven using a consistent histories approach [22] .
The CQZE employs N inner cycles nested within M outer cycles. While, as can be inferred from the explanation in the caption of FIG. 2 , a smaller number of outer cycles does not lead to more output errors, a smaller number of inner cycles does lead to more output errors for the case of Bob blocking. The larger N is, the closer to V the polarisation of the part of the photon superposition travelling towards M R B is rotated, the more perfect the erasure. For a given M and N , for the case of Bob blocking, the error can be obtained from the following recursion relations,
(1)
where m corresponds to the end of the the m-th outer cycle, X[M ] and Y [M ] are the unnormalised probability amplitudes for the H and V components exiting the CQZE respectively. X[M ] is therefore the error term causing detector D 1 to incorrectly click. It approaches zero for large N ,
The quality of erasure can be measured by interference visibility, defined as
Imax+Imin , where I max and I min are light intensities at detectors D 2 and D 1 respectively. I min and I max are proportional to the squared moduli of the probability amplitudes summed at detectors D 1 and D 2 respectively. By the action of BS on the components
|V , reflected off M R A , and
, exiting CQZE, we get,
For instance, assuming ideal implementation, for a number of outer and inner cycles, M =2 and N =4, interference visibility is already 89%. While for M =2 and N =14, interference visibility is 99% . FIG. 4 plots interference visibility for M up to 10 and N up to 50. We note that all elements of this scheme are implementable using current technology.
Einstein, one imagines, would have been surprised, to put it mildly, by Scully and Druhl's quantum eraser. One wonders what he might have thought of the spooky-action-without-entanglement presented here-where we have shown how a distant Bob can choose to erase which-path information from Alice's photon counterfactually, that is without it ever leaving her lab, dramatically restoring interference.
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I am the sole author of this work. We illustrate the operation of the CQZE using the minimum number of outer cycles, two. To start with, switchable mirror SM1 is switched off letting Alice's H photon in before it is switched on again. Using switchable polarisation rotator SP R1 the following rotation is applied to the photon, |H → 1/ √ 2(|H + |V ), before it is switched off for the rest of this outer cycle. The V part of the superposition is reflected towards Bob using polarising beamsplitter P BS1. Switchable mirror SM2 is then switched off to let the V part of the superposition into the inner interferometer before it is switched on again. Using switchable polarisation rotator SP R2, the following rotation, |V → cos
|H , is then applied before it is switched off for the rest of this inner cycle. Polarising beamsplitter P BS2 passes the H part of the superposition towards Bob while reflecting the V part. By blocking the channel, Bob effectively makes a measurement. Unless the photon is lost to DB, the part of the photon superposition inside the inner interferometer ends up in the state |V . The same applies for the next N − 1 inner cycles. Switchable mirror SM2 is then switched off to let this part of the superposition, whose state has remained |V , out. In the next outer cycle, SP R1 is switched on to rotate the photon's polarisation from 1/ √ 2(|H + |V ), assuming large N, to |V , before it is switched off for the rest of the final outer cycle. P BS1 reflects the photon towards Bob. As before, after N inner cycles, provided it is not lost to DB, the photon remains in the state |V . Finally, SM1 is switched off to allow the photon, whose final state is |V , out. (Note that For the case of Bob not blocking the channel, it can be shown that repeated measurement by detector D3 means that Alice's exiting photon is H-polarised in the end.) Optical delays OD ensure that effective path-lengths match. M R's are mirrors. Single-photon source S emits an H-photon towards the right. Using the chained quantum Zeno effect (CQZE) module, the which-path tag imprinted by SP R can be erased. Choosing to block the channel, Bob counterfactually erases which-path information by flipping the polarisation of the photon component travelling horizontally towards him. We can be sure that the photon has not traversed the channel, otherwise DB would have clicked. Interference is recovered, with D2 virtually always clicking for large enough number of CQZE cycles. On the other hand, if Bob chooses not to block the channel, which-path information is not erased, D1 and D2 are equally likely to click, and interference is not recovered. In other words, Bob can remotely decide whether Alice observes interference or not without the photon ever leaving her station.
FIG. 4.
Interference visibility of counterfactual erasure for number of outer cycles M up to 10, and number of inner cycles N up to 50. Visibility approaches unity for large N . Ideal implementation is assumed.
